A facile and effective technique to immobilize photocatalyst nanoparticles by incorporating zinc oxide (ZnO) into polyethersulfone polymeric films by means of a phase inversion technique is reported. The degradation study of methyl orange (MO) dye was performed using a series of ZnO-embedded polymer hybrid systems. The photoactivity of the films increased in parallel with increased ZnO loading up to 17 wt%. The photodegradation process followed a pseudo first-order kinetics with an achievement of almost 100% MO removal in original conditions. The PZ-17 film demonstrated an excellent and comparable degradation performance up to five cycles, signifying the reliability of the film photocatalyst against ultraviolet irradiation and degradation.
Introduction
Wastewaters from industrial, commercial, and residential regions are responsible for the presence of a significant amount of organic contaminants in our water streams today [1, 2] . Most of the artificial dyes commonly employed in the production of paper, plastics, leather, textiles, and cosmetic products today are toxic and non-biodegradable [3] [4] [5] . During the manufacturing process, some of the dyes are discharged as effluents, thus causing a severe threat to the environment. Due to their hazardous nature, the existence of these contaminants in our waters and surrounding ecosystem has increased public health issues [6] . Hence, the immediate challenge is to find effective methods for the treatment of the wastewaters.
The conventional approach to mitigate dyes from wastewater such as sedimentation, adsorption, filtration, and coagulation only transfers the dyes from one stage to another, hence generating secondary pollution [7, 8] . Advanced approaches such as photocatalysis have been reported to degrade recalcitrant organic pollutants from wastewaters into harmless end products in the presence of ZnO and TiO 2 photocatalysts [9] [10] [11] [12] . Nonetheless, this technique suffered from some technical aspects that impeded its industrial production, i.e., the ineffective utilization of ultraviolet or visible light due to agglomeration, reduced adsorption performance for hydrophobic pollutants, inhomogeneous dispersion in aqueous suspensions, and post-retrieval of the nanoparticles after the degradation process [13] .
The separation of the photocatalysts from the substrate can be realized by means of membrane separation, immobilization on a polymer support or magnetic approach [13] [14] [15] [16] . Earlier studies 
Surface Morphological and Structural Analysis
The scanning electron microscopy (SEM) technique, fitted with an energy dispersive X-ray (EDX) analyzer was employed to evaluate the surface morphological and cross-section of the resultant hybrid film photocatalysts and their elemental compositions, respectively. Figure 2 shows the surface morphology of the pristine PES ( Figure 2a ) and PES-ZnO films (Figure 2c ,e,g). It was noticeable that upon the addition of the ZnO nanoparticles into the PES, there was a good distribution of ZnO nanoparticles inside the PES matrix but agglomeration occurred when the ZnO loading was increased above 17 wt%. This could be attributed to the viscosity of the polymer solution that intensified with an increase in ZnO loading, thus causing a reduction in the dispersion of the ZnO nanoparticles which in turn led to the development of large, aggregated ZnO particles inside the polymer matrix [23, 24] . The EDX spectrums of the PES/ZnO film photocatalysts ( Figure  2b ,d,f,h), revealed the presence of immobilized ZnO with increased ZnO loading in the films.
The cross-sectional SEM micrographs ( Figure 3 ) depicted a porous structure of the films that consisted of finger-like and tear-like microvoids on the pristine PES and the films with a higher loading of ZnO nanoparticles, respectively. The generation of a porous substructure with finger-like microvoids could be attributed to the instantaneous phase inversion that took place during the preparation of the films [25, 26] . The porosity of the films also increased with increased ZnO loading from 0.04% (pristine PES) to 0.23% (PZ-17). However, a slight decrease in porosity to 0.20% was observed in the film with a higher ZnO loading . This could be due to the occurrence of agglomerated and bulky ZnO particles that might have damaged the polymer network structure and by limiting its movements, thus initiating the formation of a film with least porosity. The existence of excess ZnO particles in the matrix could also lead to a decrease in the porosity of the film [24, 27] . Figure 4 displays the three dimensional atomic force microscopy (AFM) photographs of the pristine PES and PZ-17 films based on a sample size area of 2 μm × 2 μm. The surface roughness of PZ-17, as determined by AFM analysis software, was higher than that of pristine PES with mean surface roughness values of 13.80 nm and 2.19 nm, respectively. This phenomenon is due to the cluster's size formation on the surface of the film as a consequence of agglomeration of the nanoparticles [28] . 
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X-ray Photoelectron and Optical Property Analysis
XPS analysis was employed to examine the chemical state and surface conformation of the hybrid film photocatalyst. Figure 5 displays the wide scan spectrum of PZ-17 in the C 1s, O 1s, S 2p, and Zn 2p regions. The peaks observed in the XPS spectrums of C 1s at binding energies of 284.6 and 286.2 eV were assigned to the adventitious carbon (C-C) species and the C-S bonding in the PES matrix, respectively [29] . The XPS spectrum of O 1s of PES/ZnO (Figure 5c ) was deconvoluted into four individual component peaks. The energy at 530.2 eV was consigned to the oxygen ions in the Zn-O-Zn bonding of the hexagonal wurtzite structure of the ZnO lattice. Distinctly higher binding energies at 531.5 and 532.7 eV were associated with the O=S=O and C-O groups of the PES film, respectively. The latter peak at 533.3 eV was consigned to chemisorbed or surface hydroxyl bonding of Zn-OH [30, 31] .
The XPS spectrums of S 2p displayed two binding energies at 168.7 and 167.5 eV (Figure 5d ). The former peak was correlated with the sulfone (O=S=O) species [30] , while the latter can be ascribed to the interaction of hydrogen bonding between the sulfone group and the superficial hydroxyl groups (-OH) of ZnO. These hydrogen bonding interactions are believed to be the cause of 
The XPS spectrums of S 2p displayed two binding energies at 168.7 and 167.5 eV (Figure 5d ). The former peak was correlated with the sulfone (O=S=O) species [30] , while the latter can be ascribed to the interaction of hydrogen bonding between the sulfone group and the superficial hydroxyl groups (-OH) of ZnO. These hydrogen bonding interactions are believed to be the cause of the well dispersed ZnO in the PES matrix as shown in the SEM micrographs. The peaks for Zn 2p 3/2 and Zn 2p 1/2 ( Figure 5e ) were observed at binding energies of 1021.0 eV and 1043.8 eV, respectively. The difference between Zn 2p 3/2 and Zn 2p 1/2 splitting was 22.8 eV (~23 eV) which corresponded with the standard value of ZnO indicating the presence of Zn 2+ species in the PES/ZnO matrix [32] . The study on optical response of resultant PES/ZnO (PZ-17) sample and its correlation with the UV light was carried out using UV-Vis Diffuse Reflectance Spectroscopy. The absorption pattern and band gap energy measurement of the prepared PZ-17 hybrid film photocatalyst is illustrated in Figure 6 . The photocatalyst's band gap was evaluated by constructing a graph according to αhv = A(hv − Eg) 2 , where α is an absorption coefficient, A is a constant, hv is the energy of a photon, Eg is the optical band gap [33] . The hv was derived from hv = hc/λ, where h is the Planck constant (4.136 × 10 −15 eV), c is the velocity of the light in vacuum (2.977 × 1017 nm/s), and λ is the wavelength (nm). By extrapolating the linear section of the absorption edge, as presented in Figure 6 , the energy gap of the photocatalyst was estimated. The prepared sample exhibited high optical responses against UV irradiation with a band gap of 3.15 eV and thus proved its effective application as a UV light active photocatalyst. The energy provided by the UV light lamp was 3.40 eV (λ = 365 nm), which is sufficient for the photoexcitation of the electrons to have occurred during the photodegradation of methyl orange. The study on optical response of resultant PES/ZnO (PZ-17) sample and its correlation with the UV light was carried out using UV-Vis Diffuse Reflectance Spectroscopy. The absorption pattern and band gap energy measurement of the prepared PZ-17 hybrid film photocatalyst is illustrated in Figure 6 . The photocatalyst's band gap was evaluated by constructing a graph according to αhv = A(hv − E g ) 2 , where α is an absorption coefficient, A is a constant, hv is the energy of a photon, E g is the optical band gap [33] . The hv was derived from hv = hc/λ, where h is the Planck constant (4.136 × 10 −15 eV), c is the velocity of the light in vacuum (2.977 × 1017 nm/s), and λ is the wavelength (nm). By extrapolating the linear section of the absorption edge, as presented in Figure 6 , the energy gap of the photocatalyst was estimated. The prepared sample exhibited high optical responses against UV irradiation with a band gap of 3.15 eV and thus proved its effective application as a UV light active photocatalyst. The energy provided by the UV light lamp was 3.40 eV (λ = 365 nm), which is sufficient for the photoexcitation of the electrons to have occurred during the photodegradation of methyl orange. Figure 7 shows the degradation of MO via photolysis and photocatalytic degradation by the PES/ZnO film photocatalysts. Preliminary studies revealed the adsorption of MO on neat PES was 0.80% but increased slightly to 2.76% when ZnO was incorporated into the PES film (PZ-17). The slight increase in MO could be attributed to the adsorption of MO on ZnO nanoparticles and the presence of porous structures in the PES/ZnO film photocatalysts. No significant degradation in the MO and pristine PES film (PZ-0) was observed during photolysis demonstrating the stability of MO and the incapability of PES to degrade MO during UV light irradiation. The performance of the photocatalysts and the degradation rate of MO were enhanced by the incorporation of ZnO nanoparticles up to 17 wt% (PZ-17), resulting in a maximum degradation percentage of 98% ( Figure  7a ,c). Higher content of ZnO nanoparticles immobilized onto the PES led to an increase in the availability of surface active sites for the photodegradation to take place. Additionally, the film photocatalyst surface containing more active sites offers better absorption of photon energy from UV light irradiation and thus, improved the photodegradation of MO. Figure 7c shows that even at a higher ZnO content (19 wt%), the degradation percentage and rate of reaction reduced significantly due to the agglomeration of ZnO nanoparticles subsequently reducing the available surface area and inefficient light absorption activity [34] .
Photocatalytic Degradation Activity by the PES/ZnO Hybrid Film Photocatalysts
The effectiveness of the PES/ZnO film photocatalysts in the degradation of MO might also be related to their porous structures and surface roughness. The porous structure of the films was beneficial for light reflection [35] , and provided a channel for the MO molecules to adsorb on the surface of the ZnO incorporated in the polymer matrix. The high surface roughness of the films improved their hydrophilic properties thus enhancing the interaction of the films with water, oxygen, and the contaminants [36] . Both properties provided favorable conditions for an efficient photodegradation process.
The efficiency of the PES/ZnO film photocatalyst was also found to be higher than that of previously reported PES/TiO2 film photocatalyst. At the same metal oxide loading of 13 wt%, PES/TiO2 film photocatalyst was able to degrade 80% of 10 ppm MO dye [19] compared to 95% by PES/ZnO within 9 h of irradiation time. The effectiveness of the PES/ZnO may be due to its higher surface roughness and better dispersion of ZnO particle inside the polymer matrix which prevent non-selective void formation in the polymer/nanoparticles interfaces. In other words, there is no potential for ZnO nanoparticles to fuse together inherently to form agglomeration and thus contribute to the individual dispersion and better pore formation as compared to TiO2 particles [37] . Smaller particle size of ZnO as compared to TiO2 also contributed to the formation of a higher degree of surface roughness. It is noteworthy to mention that high surface roughness of the films improved their hydrophilic properties thus enhancing the interaction of the film photocatalysts with water, oxygen and the contaminant molecules. Figure 7 shows the degradation of MO via photolysis and photocatalytic degradation by the PES/ZnO film photocatalysts. Preliminary studies revealed the adsorption of MO on neat PES was 0.80% but increased slightly to 2.76% when ZnO was incorporated into the PES film (PZ-17). The slight increase in MO could be attributed to the adsorption of MO on ZnO nanoparticles and the presence of porous structures in the PES/ZnO film photocatalysts. No significant degradation in the MO and pristine PES film (PZ-0) was observed during photolysis demonstrating the stability of MO and the incapability of PES to degrade MO during UV light irradiation. The performance of the photocatalysts and the degradation rate of MO were enhanced by the incorporation of ZnO nanoparticles up to 17 wt% (PZ-17), resulting in a maximum degradation percentage of 98% (Figure 7a,c) . Higher content of ZnO nanoparticles immobilized onto the PES led to an increase in the availability of surface active sites for the photodegradation to take place. Additionally, the film photocatalyst surface containing more active sites offers better absorption of photon energy from UV light irradiation and thus, improved the photodegradation of MO. Figure 7c shows that even at a higher ZnO content (19 wt%), the degradation percentage and rate of reaction reduced significantly due to the agglomeration of ZnO nanoparticles subsequently reducing the available surface area and inefficient light absorption activity [34] .
The efficiency of the PES/ZnO film photocatalyst was also found to be higher than that of previously reported PES/TiO 2 film photocatalyst. At the same metal oxide loading of 13 wt%, PES/TiO 2 film photocatalyst was able to degrade 80% of 10 ppm MO dye [19] compared to 95% by PES/ZnO within 9 h of irradiation time. The effectiveness of the PES/ZnO may be due to its higher surface roughness and better dispersion of ZnO particle inside the polymer matrix which prevent non-selective void formation in the polymer/nanoparticles interfaces. In other words, there is no potential for ZnO nanoparticles to fuse together inherently to form agglomeration and thus contribute to the individual dispersion and better pore formation as compared to TiO 2 particles [37] . Smaller particle size of ZnO as compared to TiO 2 also contributed to the formation of a higher degree of surface roughness. It is noteworthy to mention that high surface roughness of the films improved their hydrophilic properties thus enhancing the interaction of the film photocatalysts with water, oxygen and the contaminant molecules.
A heterogeneous photocatalytic reaction can be analyzed using the Langmuir-Hinshelwood (L-H) kinetic model as per Equation (1):
By integrating Equation (1), a typical pseudo first-order equation was obtained as follows:
where k obs is the apparent pseudo first-order rate constant, C = MO concentration in the solution at a given irradiation time t, C o = initial MO concentration. Figure 7b shows a straight line graph indicating that the photodegradation of MO by the PES/ZnO film photocatalysts followed a pseudo first-order kinetics. The progress of MO degradation was also monitored via the total organic carbon (TOC) concentration. Figure 7d shows that 80% of the organic carbon was degraded after 9 h of irradiation time. This value was 18% lower than that obtained from UV-Vis analysis indicating the presence of stable intermediates such as phenol, aniline, benzene sulfonic acid or benzene [10, 38, 39] that require a longer time to be degraded by the photocatalyst.
Catalysts 2017, 7, 313 8 of 16
where kobs is the apparent pseudo first-order rate constant, C = MO concentration in the solution at a given irradiation time t, Co = initial MO concentration. Figure 7b shows a straight line graph indicating that the photodegradation of MO by the PES/ZnO film photocatalysts followed a pseudo first-order kinetics. The progress of MO degradation was also monitored via the total organic carbon (TOC) concentration. Figure 7d shows that 80% of the organic carbon was degraded after 9 h of irradiation time. This value was 18% lower than that obtained from UV-Vis analysis indicating the presence of stable intermediates such as phenol, aniline, benzene sulfonic acid or benzene [10, 38, 39] that require a longer time to be degraded by the photocatalyst. 
Effect of Variables in the Operating Parameters on the Degradation Percentage of MO
As illustrated in Figure 8a ,b, the degradation rate improves as more than two films are placed into the photoreactor. A complete degradation of MO was obtained in a much shorter irradiation time (7 h) when four pieces of film were used compared to others (9 h). Contrary to the slurry method which exhibited declining efficiency at higher photocatalyst loading due to particle aggregation, poor light penetration, and light scattering [40, 41] , the photoactivity of the film photocatalyst increased with an increasing quantity of films due to the higher availability of ZnO particles immobilized in the polymer matrix. The degradation rate and amount of MO degraded by using several numbers of PZ-17 film photocatalysts are listed in Table 1 .
The efficiency of the PZ-17 film in the photodegradation of MO at certain pHs varying from 2 to 10 is further depicted in Figure 8c ,d. The degradation rate and the degradation percentage increased significantly when the pH of the solution altered from 2 to 4, then remained almost unchanged with increasing pH values up to pH 8 after which it reduced slightly at pH 10. In order to explain this, the interaction between the surface of the photocatalyst and the dye at different pHs was correlated. Accordingly, the point zero charge (pH pzc ) of ZnO was 9.0 and thus, its surface became positively charged and negatively charged at pHs below and above 9.0, respectively as shown in Equations (3) and (4) [42] . It has also been reported that the pKa of MO is 3.46 [43] .
At pH 2, the MO molecules became protonated, therefore a repulsive force existed between the positively charged MO molecules and positively charged ZnO surface. Consequently, the rate and the degradation percentage of MO at pH 2 was observed to be very low as tabulated in Table 2 . When increasing the pH of the solution (pH 4-8), the MO molecules became negatively charged and were attracted to the positively charged ZnO surface, resulting in an increase in the rate and degradation percentage of MO. At pH 10, the existence of a repulsive force between the negatively charged ZnO surface and negatively charged MO contributed to a slight decrease in the degradation rate and degradation percentage of MO. The film did not experience significant weight loss demonstrating the stability of the PES/ZnO film photocatalyst in acidic or basic conditions, hence proving the ability of the film photocatalyst to work under various pHs of real wastewaters.
The photocatalytic degradation performance of PZ-17 was further evaluated on the effect of initial MO concentrations. As shown in Table 3 , the degradation rate and the amount of MO degraded were found to increase in parallel with increasing MO concentration. This proved that the photoactivity of the film was not affected by the concentration of MO up to 20 mg/L, indicating the effectiveness of the PZ-17 film in degrading higher concentrations of MO. 
The efficiency of the PZ-17 film in the photodegradation of MO at certain pHs varying from 2 to 10 is further depicted in Figure 8c ,d. The degradation rate and the degradation percentage increased significantly when the pH of the solution altered from 2 to 4, then remained almost unchanged with increasing pH values up to pH 8 after which it reduced slightly at pH 10. In order to explain this, the interaction between the surface of the photocatalyst and the dye at different pHs was correlated. Accordingly, the point zero charge (pHpzc) of ZnO was 9.0 and thus, its surface became positively charged and negatively charged at pHs below and above 9.0, respectively as shown in Equations (3) and (4) [42] . It has also been reported that the pKa of MO is 3.46 [43] .
ZnOH + H + →ZnOH2 + (pH < pHpzc) (3)
Recyclability
The recyclability of the PES/ZnO (PZ-17) hybrid film photocatalyst for MO degradation was investigated, by adding fresh MO aqueous solution to the new cycle after earlier reaction cessation, without undergoing any physical or chemical pretreatment of the film for every cycle. The amount of MO degraded and degradation percentage results as a function of reaction time for five consecutive cycles are displayed comparatively in Table 4 and Figure 9 , respectively. Noticeably, the investigated film exhibited high degradation activity, without any significant loss in its photacatalytic performance even after five consecutive cycles. In comparison with the recyclability and efficiency of the best PES/TiO2 (PT-13) hybrid film photocatalyst previously reported [19] , the degradation percentage was achieved at the most of 80% which also displayed a comparable result Figure 8. (a,b) The effect of the quantity of films and (c,d) the effect of initial pHs on the degradation percentage and kinetics of the degradation of MO by the PZ-17 film photocatalyst. 
The recyclability of the PES/ZnO (PZ-17) hybrid film photocatalyst for MO degradation was investigated, by adding fresh MO aqueous solution to the new cycle after earlier reaction cessation, without undergoing any physical or chemical pretreatment of the film for every cycle. The amount of MO degraded and degradation percentage results as a function of reaction time for five consecutive cycles are displayed comparatively in Table 4 and Figure 9 , respectively. Noticeably, the investigated film exhibited high degradation activity, without any significant loss in its photacatalytic performance even after five consecutive cycles. In comparison with the recyclability and efficiency of the best PES/TiO 2 (PT-13) hybrid film photocatalyst previously reported [19] , the degradation percentage was achieved at the most of 80% which also displayed a comparable result over five cycles. The different photocatalytic performance displayed by both types of film photocatalysts might be due to the particle size of the nanoparticles. The particle size for ZnO was in the range of 1-100 nm while TiO 2 was in the range of 1-150 nm. The smaller particle size of ZnO is more advantageous for the effective dispersion within the polymer matrix, providing a higher surface area and thus maximizing the utilization of photon energy from UV light [44, 45] . Therefore, it can be concluded that the results obtained in this study display the stability and credibility of the PES-nanoparticles hybrid film against UV irradiation and are potentially useful for the photocatalytic water remediation process.
Catalysts 2017, 7, 313 11 of 16 over five cycles. The different photocatalytic performance displayed by both types of film photocatalysts might be due to the particle size of the nanoparticles. The particle size for ZnO was in the range of 1-100 nm while TiO2 was in the range of 1-150 nm. The smaller particle size of ZnO is more advantageous for the effective dispersion within the polymer matrix, providing a higher surface area and thus maximizing the utilization of photon energy from UV light [44, 45] . Therefore, it can be concluded that the results obtained in this study display the stability and credibility of the PES-nanoparticles hybrid film against UV irradiation and are potentially useful for the photocatalytic water remediation process. 
Experimental

Materials
Methyl orange (MO), N-methyl-2-pyrrolidone (NMP) and polyethersulfone (Ultrason E6020P with Mw = 75,000 g/mol) were procured from Bendosen Laboratory Chemical (Batu Caves, Malaysia), Merck (Petaling Jaya, Malaysia) and Solvay Specialty Polymers (Brussels, Belgium), respectively. A readily available zinc oxide (particle size: 1-100 nm, purity >99%) was obtained from a commercial brand (Merck). All chemicals and reagents received were analytical grade and no purification step was executed. Distilled water (18.2 MΩ cm resistivity) was utilized for all the experiments. 
Experimental
Materials
Methyl orange (MO), N-methyl-2-pyrrolidone (NMP) and polyethersulfone (Ultrason E6020P with M w = 75,000 g/mol) were procured from Bendosen Laboratory Chemical (Batu Caves, Malaysia), Merck (Petaling Jaya, Malaysia) and Solvay Specialty Polymers (Brussels, Belgium), respectively. A readily available zinc oxide (particle size: 1-100 nm, purity >99%) was obtained from a commercial brand (Merck). All chemicals and reagents received were analytical grade and no purification step was executed. Distilled water (18.2 MΩ cm resistivity) was utilized for all the experiments.
Preparation of the PES/ZnO Hybrid Film Photocatalysts
Polyethersulfone-ZnO film photocatalysts were prepared in accordance with our previously reported methodology [19] . Briefly, the PES casting solution was prepared by dissolving a fixed amount of polymer resin in the organic solvent (NMP) followed by mixing certain amounts of ZnO nanoparticles into the crystal clear polymeric solution. The compositions of the prepared films are tabulated in Table 5 . A uniform dispersion of ZnO in the PES solutions was attained after continuously stirring for 24 h at ambient temperature. The final mixture was cast on a flat glass (10 cm × 8 cm) using a casting knife with 100 µm gap setting at an appropriate casting shear. The glass plate with a film on top of it was then immersed in a non-solvent media (distilled water) and the prepared film was stored for 1 day to achieve a thorough phase separation with the removal of the remaining solvents. Lastly, the resultant films were air-dried at ambient temperature for 24 h prior to the initiation of photocatalytic degradation activity studies. 
Characterization of the PES/ZnO Hybrid Film Photocatalysts
The crystallinity of prepared PES/ZnO film photocatalysts was determined using an X-ray diffraction (PHILIPS PW 3040/60) analysis (Philips, Petaling Jaya, Malaysia) with a CuKα radiation of wavelength 0.15406 nm and beam intensity of 30 mA and 30 kV. The diffracted intensity was scanned in a range of 2θ = 20-80 • with 2 • /min of scanning speed. Surface morphological and cross-section comparison of the prepared films were analyzed by a scanning electron microscopy fitted with an energy dispersive X-ray analyzer (HITACHI TM3000) (Hitachi, Kuala Lumpur, Malaysia) and atomic force microscopy (Seiko Instruments SPI 3800N, Contact mode). The band gap energy of the prepared films was determined using a UV-Vis Diffuse Reflectance Spectrometer (UV-3101PC Shimadzu, Maximum resolution: 0.1 nm) (Shimadzu, Petaling Jaya, Malaysia). A Kratos Analytical Axis Ultra DLD photoelectron spectrometer with Al Kα radiation monochromatic source was employed to elucidate the X-ray photoelectron spectrums (XPS) (UKM, Bangi, Malaysia) of the prepared film. The pass energy (PE) used for XPS measurement was 160 eV (survey scan) and 20 eV (narrow scan). The porosity (ε) of the prepared films was calculated by employing a gravimetric technique as formulated in Equation (5) below:
where W d and W w are the weight of dry and wet membranes (g), respectively. ρ p is the density of polyethersulfone (0.25 g/cm 3 ) and ρ H is the density of water (0.998 g/cm 3 ).
Photocatalytic Degradation Procedure
The photodegradation of MO was carried out in an immersion well photoreactor. The features of the photoreactor were described in a recent publication [19] . Two units of the PES/ZnO hybrid film photocatalysts (10 cm × 8 cm) were positioned near the quartz cylinder. MO solution (1000 mL) with known concentration was poured into the reactor. Air was fed into the reactor containing MO solution to warrant a consistent source of oxygen with a fixed flow rate of 4 L/min. The first 20 min of the reaction was spent in reaching adsorption-desorption equilibrium by continuous stirring of the solution under dark conditions, prior to irradiation by a 6-watt UV-A lamp (HITACHI F6T5/BL) (Hitachi, Kuala Lumpur, Malaysia) for 540 min. An aliquot sample of 10 mL was taken out at certain time intervals and the concentration of MO left was determined using a UV-Vis Spectrometer (PerkinElmer Lambda 35) (Perkin Elmer, Petaling Jaya, Malaysia) at λ max = 464 nm. The total organic carbon study was performed by TOC analyzer (TOC-V-E, Shimadzu, Petaling Jaya, Malaysia). The photocatalytic degradation percentage and the amount of MO degraded were calculated based on Equations (6) and (7), respectively;
Amount of MO degraded (mg/g) = (
where C o is the concentration of methyl orange (MO) before irradiation and C t is the concentration of MO at time 't'. The variables such as the quantity of films, initial pH, and initial concentrations of the MO solution on the photodegradation of MO were investigated using the PZ-17 film photocatalyst. In this study, a total of four pieces of film were used to investigate the effect of using different quantity of films since the maximum capacity of films that can be put inside the reactor is only four. The initial pH of the MO solution was determined as ranging from 2 to 10 and the initial concentration used was selected in the range of 5 to 20 ppm. The recyclability of the PZ-17 film in the photodegradation of MO was studied using a concentration of 10 mg/L at pH 5.8 and irradiated under a UV-A lamp for a period of 9 h. The film photocatalyst was cleaned with distilled water for every cycle and then used to treat fresh MO aqueous solution.
Conclusions
PES/ZnO film photocatalysts were successfully synthesized by immobilizing ZnO into PES film by means of a phase inversion method. The best degradation percentage of 98% was obtained when two pieces of PES-17 wt% of ZnO (PZ-17) film photocatalysts (10 cm × 8 cm) were tested to degrade 10 mg/L of MO solution at the original pH of 5.8 with the amount of MO degraded achieved at 25.60 mg/g. Increasing the concentration of MO up to 20 ppm reduced the degradation percentage to 90%. Increasing the quantity of films from two to four exhibited a comparable degradation percentage of 98%. The PZ-17 film photocatalyst showed good stability when exposed to UV irradiation and could be used in aggressive basic and acidic media. The PZ-17 film photocatalyst maintained its high level degradation performance up to five cycles, without itself being treated with any regeneration process.
